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Part 11. The Analvsis of Coalescence i n a  Continuous Mixer Settler 
System by a Differential Model 

Part I1 of this paper deals with the analysis of continu- 
ous separation of an unstable emulsion in a gravity settler 
of a miser settler unit. When the emulsion passes from the 
mixing vessel into the settler, droplets of the dispersed 
phase approach one another to form a heterogeneous zone 
between the two liquid phases. The formation of this zone 
is deteimined by the local velocity gradients and the den- 
sity difference between the phases. In the mixing zone, a 
high level of turbulence is generated to optimize mass 
transfer between two liquid phases, but in the settler all 
turbulence must be rapidly damped out, and the velocities 
of the phases in the settling tank must be low and con- 
trolled only by the throughput rates. The position of the 
heterogeneous layer with respect to the final interface be- 
tween the settled phases will be deteimined by the density 
of the dispersed phase, and the liquid droplets in this layer 
tend to attain some stable packing arrangement deter- 
mined by the diameter of the drops. It is important in any 
settling tank to prevent extract phase from being entrained 
with raffinate leaving the settler and vice versa. This diffi- 
culty can be overcome by suitable design and positioning 
of off-take lines and by operating the unit in such a way 
that the heterogeneous layer does not occupy the total 
available cross-sectional area between the phases in the 
settler. Under such conditions, the size of the heterogene- 
ous wedge formed is determined by the throughput rates 
and by the physical properties affecting coalescence of the 
droplets, such as interfacial tension and viscosity of the 
liquids. 

MODEL 

Consider the behavior of the wedge of drops in more 
detail. Let the dispersed phase consist of drops of the 
more dense liquid; then the wedge is formed above the 
interface. At the lower surface of the wedge, droplets are 
coalescing with the bulk liquid phase by a drop-interface 
coalescence mechanism. Inside the wedge and at the up- 
per surface, drops are coalescing together by a drop-drop 
coalescence mechanism. The residence time or life of the 
droplets in the wedge is controlled by these two processes. 

Consider a settler of unit width operating under steady 
state conditions with the dispersed phase made up of the 
more dense liquid when a wedge of droplets will be 
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Fig. 1. Parameters of the differential model. 

formed above the interface, as shown in Figure 1. Con- 
sider ;I small increment 61 in the wedge at a distance 2 
from the inlet. Let the depth of the wedge at this position 
be h, let the number of drops entering the element per 
second be n, and let the mean diameter of the drops be 4. 
In practice, a distribution of drop sizes will exist at any 
position in the wedge. If uniform sized droplets enter the 
wedge, variation in sizes is brought about by variations 
in coalescence times. This will be discussed later in more 
detail. However, in this analysis a mean dro diameter 

ing per second is equal to the volume of dispersed phase 
leaving the element, plus the volume of dispersed phase 
coalesced with the lower interface per second. Coalescence 
between droplets in the element will not affect the material 
balance. This mechanism of coalescence will result in an 
increase of the mean dror, diameter in the element from 

will be considered. The volume of dispersed p ! ase enter- 

4 to (4  + g) . Thus, $e material balance for the dis- 

persed phase gives 

The droplets have been considered as rigid spheres, and in 
the range of drop sizes studied in this work, 0.08 to 0.30 
cm., this assumption is valid. Expanding Equation (1) and 
considering first-order terms only, we get 

I 
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Fig. 2. Wedge thickness and drop diameter vs. wedge length. t = 

4.0 sec. 
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Fig. 3. Variation of the final drop diameter and wedge length with 
drop/interface coalescence time t* and drop-drop coalescence 

time t. 

In order to integrate this equation between the boundary 
conditions at the inlet (4 = +o, n = no) and at the end 
of the wedge, an equation relating the change in the 
average number of drops as a function of position within 
the wedge is required. Thus, assume that an average drop 
diameter at any position may be used to characterize that 
position in the wedge, then an equation can be derived 
to account for the change in the number of drops in any 
increment in the wedge. That is the number of drops en- 
tering the element per second must be balanced by the 
number of drops leaving, plus the number of drops coa- 
lescing at the interface and half the number of drops coa- 
lescing together by a drop/drop coalescence mechanism. 
Theoretically one should take into account coalescence 
steps between three and more drops, but as reference to 
such a behavior has not been reported in the literature, 
and the authors have not observed such effects in the es- 
perimental work carried out in these laboratories, multiple 
drop coalescence will be ignored. Thus, a drop balance 
gives 

Rearranging Equation (3) ,  we get 

(4) 
dn 1 r l h  +--) 4 T Q  
T&TT V T *  

Equations (2)  and (4) are general equations account- 
ing for drop-interface and drop-drop coalescence within 
the wedge under steady conditions, assuming that time and 
position average values of the volume packing efficiency 
in the wedge and area packing efficiency at the interface 
are acceptable. This implies that rearrangement of drops 
in the vicinity of a coalescence step, both at the interface 
and within the bed, is instantaneous, and that local dis- 
turbances in the vicinity of a coalescence step do not seri- 
ously affect the coalescence mechanism. These factors are 
currently being investigated in detail (1). 

The success of this approach in analyzing performance 
data of dispersions depends on accurate data on coales- 
cence times being available ( 2  to 6). Detailed studies have 
been carried out on drop-interface coalescence, and Mac- 
Kay and Mason ( 5 )  Jeffreys and Hawksley (6) have pro- 
posed models to account for drop-interface coalescence. As 

a droplet approaches a plane interface, a film of the con- 
tinuous phase is trapped between the deformed interface 
and the drop, and this film drains until at some critical 
thickness the film ruptures and the liquid in the drop 
drains into the bulk liquid. This mechanism is often inter- 
rupted and a secondary drop is formed which coalesces 
again in a similar manner. In some systems, up to eight 
stages have been observed (7) .  In practice, no one coa- 
lescence time is observed for a given system and drop size 
but rather a distribution of times is obtained. It has been 
shown that coalescence times for a given system can be 
represented by an equation of the form 

log, N / N o  = - K ( t  - t o ) m  ( 5 )  
Values of m from 1.0 to 2.5 have been reported in the 
literature. Several attempts (1, 2, 6, 10) have been made 
to correlate mean rest times of a drop at an interface with 
physical parameters of the system. Thus, Jeffreys and 
Hawksley (6) proposed the equation 

( - - $ - ) 0 ' 5 5  Lo.oo1 ( 5) ]O'gl (6) 

while Smith ( 1  ) has correlated drop-interface coalescence 
times using the equation 

(7) 

and Lawson and Jeffreys (9) have proposed the equation 

Drop-to-drop coalescence has received very little attention 
because of the difficulties in studying this without interfer- 
ing with the mechanism. MacKay and Mason (11), Kint- 
ner ( 1 2 ) ,  and Van der Temple ( 1 3 )  have some data on 
coalescence of drops at curved surfaces and on the rup- 
ture of films. Smith (7) has developed a technique for 
studying drop-drop coalescence. 

If the overall process is considered, the volume of dis- 
persed phase entering the wedge per second must be equal 
to the volume of dispersed phase coalescing at the lower 
interface over the entire wedge. Interdroplet coalescence 
will affect this in so far as it will influence the average drop 
diameter, packing efficiencies, and mean coalescence times 
of the droplet at the lower interface. Thus, for small angles 
of inclination e of the wedge 

sec. O - ,  1.0 (9) 
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Fig. 4. Comparison of model, Equation (241, with experimental data. 

Kerosene dispersed. 
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Fig. 5. Comparison of model, Equation (241, with experimental data. 

Kerosene dispersed. 

and the length of the lower interface approximates to the 
wedge length L. Then 

(10) 
- 6 

4 

where no is the number of droplets of mean diameter $0 

entering the wedge from the mixing stage per second. 
Simplifying ( l o ) ,  we get 

4 
no+03 = - soL $4 dl 

T 

If the volumetric flow rate of dispersed phase to the set- 
tler is Vo, then 

From ( 11) , taking mean values, we get 
vo = Hvono (12) 

Vo=3q" 1 r - $ d l  
0 7  

The boundary conditions for solution of Equations (2) ,  
(4),  (12), and (13) are 

I = 0, n = no, $ = +o (14) 

Lim n = O  (15) 
I +  L 

Run 
No. 

1 
2 

3 

4 
5 

6 

7 

8 

Flow rate 
dispersed 

phase ml./niin. 
Dispersed phase, 

Kerosene 600 
Kerosene 800 

Kerosene 1,000 

Kerosene 500 
Kerosene 600 

Kerosene 700 

Water 500 

Water 700 

Inlet 
main drop 
diameter, 

cm . 
0.091 
0,091 

0.091 

0.088 
0.083 

0.083 

0.054 

0.054 

4 
t .-I 

Liumi - 
Fig. 6. Comparison of model, Equation (241, with experimental data. 

Kerosene dispersed. 

or 

Equations ( 16) and (17) express the condition that at the 
end of the wedge a single row of drops of mean diameter 
$L exist. Equations (2)  and (4)  can be combined to give 

This equation is the basic equation for the design or analy- 
sis of gravity settlers. However, the relative effects of 
drop-interface and drop-drop coalescence on the separation 
process occuring can be illustrated more conveniently by 
solving Equations (2)  and (4) numerically from the data 
from Part I for varying values of T and TO. The results of 
these calculations are presented in Figures 2 and 3. Figure 
2 illustrates the effect of increasing drop-interface coales- 
cence times on wedge length and wedge thickness, while 
Figure 3 illustrates the effects of increasing drop-drop 
coalescence times or wedge length and final drop size. I t  
will be seen that both processes affect the separation ap- 
preciably, which is contrary to the suggestions made by 
Ryan, Daley, and Lawrie ( 1 4 )  that most of the coales- 
cence occurs at the coalescence interface rather than with- 
in the dispersion. 

TABLE 1. SYSTEM wATER:KEROSENE 

Mean Overall Calculated 
drop wedge Entrance slope, f [Equa- 

velocity, length, length, Equation tion (22)], 
cm./sec. cm. cm. (23) sec. cm.2'3 

0.50 20 0 0.00675 37 
0.80 24 0 0.00563 37 

0.80 34 0 0.00421 37 

0.40 21 6 0.00845 37 
0.50 27 6 0.00675 37 

0.60 31 10 0.00563 37 

0.36 22.5 7 0.00470 73.8 
0.60 28.0 12 0.00282 73.8 

Ratio of 
slopes pre- Experimental 
dicted by ratio of 

model, Equa- slopes, Fig, 
tion (23) 5, 1 to 5 ,4  

- - 
1.18 ml - 1.2 

-- 1.56 - 1.6 

-- 
mz 

m3 - - 
1.25 1.4 

1.6 

m4 

m5 
-= 

m4 - = 1.5 
- - 

m7 1.6 1.7 
ma 
-= 

Vol. 16, No. 5 AlChE Journal Poge 829 



4 8 8 10 r a i 4 i e s  z a p 0  

L(om) - 
Fig. 7. Comparison of model, Equation (241, with experimental data. 

Water dispersed. 

At any position in the wedge 

Fig. 8. Typical entry region for water dispersed. The photograph shows 
that the turbulence is not damped out in the first 7 crn. of the 
wedge. Coolexence is initiated after the drops have passed through 

this section. 
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Fig. 9. Comparison of Equotion (26) with experimental data. 

Therefore, substituting Equation ( 19) into ( 18), we get 

Previous experimental work ( 2  to 6) has shown that 
the coalescence time for drop-interface coalescence is a 
function of drop diameter, the coalescence time increasing 
with diameter. Very few results have been published cor- 
relating drop-drop coalescences time with size, but Smiths 
results (7)  indicate that a similar relationship exists; that 
is, that 

= f . 41.5 (21) 
where f is obtained from Equation (8). Then, assuming 
uniform velocity in the wedge, we get 

Integrating this equation between the limits (1 ,  4)  and 
(0, 4 0 )  and rearranging, we obtain 

In Table 1, experimental conditions and the calculated 
gradients of Equation (23) are tabulated; a comparison 
of this equation with the experimental results for the sys- 
tem kerosene-water are shown in Figures 4 to 7. From 
these figures it can be seen that the experimental results, 
when treated in this way, are adequately represented by a 
straight line. The lines shown are the result of regression 
analyses, the standard deviation bein less than 0.6. The 
predicted results from Equation (237 are in every case 
somewhat higher; the ratio of the theoretical gradient from 
equation (23) to that obtained from the experimental re- 
sults varies from 1.03 to 1.25. This can be explained, since 
the correlation of coalescence times of single drops was 
used in the analysis, and this cannot account for the inter- 
actions between droplets that affect the coalescence pro- 
cess (10, 15). Furthermore, it can be seen from the results 
that as the initial drop size decreases, corresponding to an 
increase in agitation in the mixer, and/or at higher volu- 
metric flow rates in the settler, the conditions at the settler 
inlet change. Thus, the entrance region in which droplets 
rearrange to form a close packed structure increases, and 
the initial boundary condition, Equation (14), is not 
satisfied. This accounts for the displacement of the es- 
perimental results. The effect is illustrated in Figure 8 
where, as the photograph shows, the disturbance can be 
seen in the center of the bed up to about 6 to 7 cm. from 
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the entry point. These disturbances could be due to back 
mixing effects brought about by sudden enlargement of 
the stream as it flows from the transfer line into the settler. 
This dect is more prominent as the inlet drop size de- 
creases, as is confirmed by comparison of Figures 4 and 6. 
Furthermore, comparison of the results for kerosene drops 
coalescing with those for water drops coalescing, Figures 
4 and 7, shows that for similar volume flow rates of dis- 
persed phase, the mean inlet drop size for kerosene is 
much reater than the mean inlet drop size for water. 

mences almost immediately, whereas for water an entrance 
region in which the droplets were rearranging into a stable 
configuration was apparent up to 6 cm. from the inlet. 
This is confirmed in Figure 8, where significant coalescence 
does not take place until 6 cm. from the inlet. Hence, in 
the case of smaller droplets, the formation of a stable 

acking is delayed; the effect is more pronounced when 
ferosene is the dispersed phase because the viscosity of 
the continuous phase is lower. 

If Equation (23) is applied to two experiments in which 
the initial mean drop diameter is the same, then, by as- 
suming that interactions between adjacent drops are the 
same in each case, the theory predicts that the ratio of the 
slope of Equation (23) is inversely proportioned to the 
mean axial velocity of the drops in the settler. From Table 
1 this prediction may be compared with the experimental 
results, and in all cases there is satisfactory agreement. 

In the development of this model to account for the 
performance of gravity settlers, only axial flow of drops 
in the settler was considered. The experimental results ob- 
tained would indicate a different behavior at the upper 
and lower interface in the wedge, although both sets of 
data show the same trend when comparing experimental 
results with Equation (23). Subsequent experiments have 
shown small differences in the drop velocities at the upper 
and lower interfaces. For water drops settling from a 
water-kerosene emulsion, the mean velocity of droplets 
at the upper interface was slightly greater than the mean 
velocity of droplets at the lower interface. This indicates 
that there are small vertical displacements of drops within 
the emulsion. Smith and Davies ( 1 )  have shown that if 
a drop-to-drop coalescence takes place within a hetero- 
geneous layer, the resulting larger drop can move relative 
to the density gradient to a new equilibrium position. This 
rearrangement takes place almost instantaneously. Further- 
more, it appears from very recent work that the drop-to- 
drop coalescence rate varies throughout the wedge (over 
and above the influence of radii of curvature on coales- 
cence times), being greater near the drop coalescin 
face. This observation is being investigated and wi form 
the basis of a subsequent paper. 

Consider the overall flow rate of dispersed phase to the 
settler. Then, combining Equations (8), (13), and (23) 
and integrating between the limits I = 0 to I = L, we 
obtain 

When ?i erosene is the dispersed phase, coalescence com- 

tinter- 

L)a/s - 4 0  ] (24) 
4 4  

A comparison of this equation with experimental data is 
shown in Figure 9, where a correction has been made to 
allow for the effect of the entrance region. It can be seen 
that satisfactory agreement between the model and experi- 
mental data is obtained. 

CONCLUSION 

For a given system, if the fundamental data on drop/ 
interface and drop/drop coalescence times are known, 

then the model can be used to predict the mean drop size 
distribution throughout the wedge and the overall wedge 
length as a function of flow rates of the phases to the 
settler. 

NOTATION 
a = constant, Equation ( 5 )  
f 
H 
h 
k = constant, Equation ( 5 )  
L 
L' 
1 
m = slope, Equation ( 5 )  
N 
NO 
n 
T = temperature, "C., 0 
t =time, (T) 
t o  = initial drainage period, (T) 
VO = volumetric flow rate/unit width of settler, (L2T-') 
Greek Letters 

v = axial velocity of drops, (LT-1) 
e = angle subtended by wedge 

= volume packing efficiency of drops in wedge 
:* = area packing efficiency of drops at the interface 
T = mean drop-drop coalescence time, (T) 
T* = mean drop-interface coalescence time, ( T )  
~ ' 1 , ~  =half time coalescence times (t at N / N o  = O S ) ,  

(b = drop diameter or diameter of equivalent sphere, 

p = viscosity, (ML-12'-1) 
y = interfacial tension, ( M T - 2 )  
p = density 

Subscripts 
0 = conditions at inlet 
2 

LITERATURE CITED 

= function in Equation (21), TL-s/2 
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= number of drops coalesced after t 
= total number of drops 
= number of drops/second/width, T-1L-1 
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